The opaque-2 mutation in maize (Zea mays) is associated with an increased level of free amino acids (FAA) in the mature endosperm. In particular, there is a high concentration of lysine, the most limiting essential amino acid. To investigate the basis for the high-FAA phenotype of opaque-2 maize, we characterized amino acid accumulation during endosperm development of several wild-type and opaque-2 inbreds. Oh545o2 was found to have an exceptionally high level of FAA, in particular those derived from aspartate (Asp) and intermediates of glycolysis. The FAA content in Oh545o2 is 12 times greater than its wild-type counterpart, and three and 10 times greater than in Oh51Ao2 and W64Ao2, respectively. We crossed Oh545o2 to Oh51Ao2 and analyzed the F 2:3 progeny to identify genetic loci linked with the high FAA level in these mutants. Quantitative trait locus mapping identified four significant loci that account for about 46% of the phenotypic variance. One locus on the long arm of chromosome 2 is coincident with genes encoding a monofunctional Asp kinase 2 and a bifunctional Asp kinase-homo-Ser dehydrogenase-2, whereas another locus on the short arm of chromosome 3 is linked with a cytosolic triose phosphate isomerase 4. The results suggest an alternation of amino acid and carbon metabolism leads to overproduction and accumulation of FAA in opaque-2 mutants.
The opaque-2 (o2) mutation nearly doubles the Lys content of maize (Zea mays) endosperm, and thereby significantly improves the protein quality of the grain (Mertz et al., 1964) . The increased level of Lys in o2 mutants results from several factors: (a) The synthesis of zein storage proteins is reduced, and zeins contain no Lys; (b) there is an increased synthesis of a number of other proteins (non-zeins), many of which contain Lys; and (c) there is a general increase in the level of free amino acids (FAA), including Lys. The extent to which the Lys content of an o2 mutant is increased depends on the genetic background. For example, the protein concentration can range nearly 2-fold (between 6.5% and 11.9%), as does the percent of Lys in the flour (between 0.24-0.48 mg 100 mg Ϫ1 ; Moro et al., 1996) . Most of the Lys is protein bound, but free Lys can also make a significant contribution. For example, in Oh545o2, free Lys accounts for nearly one-third of the total Lys in the endosperm (Moro et al., 1996) .
The mechanism by which the o2 mutation increases the Lys content of maize endosperm is only partially understood. The O2 gene encodes a transcriptional activator that regulates the expression of a number of genes (Schmidt, 1993) , including the 22-kD ␣-zeins (Kodrzycki et al., 1989; Schmidt et al., 1990 Schmidt et al., , 1992 . The reduction in ␣-zein synthesis is associated with varying degrees of increased accumulation of several non-zein proteins, which accounts for most of the higher percentage of Lys (Damerval and de Vienne, 1993; Habben et al., 1993) . Habben et al. (1995) showed that elongation factor 1␣ (eEF1A) is increased in o2 mutants, and its concentration is highly correlated with the Lys content of endosperm flour. A survey of a large number of normal and o2 inbreds showed a consistently high correlation (r ϭ 0.9) between the concentration of eEF1A and endosperm Lys content (Moro et al., 1996) . Only in genotypes with high levels of free Lys was this relationship less consistent.
The high level of FAA in o2 mutants was recognized many years ago (Mertz et al., 1974; Misra et al., 1975) , and there has been a great deal of research to try to explain it. O 2 has features of GCN4 (Mauri et al., 1993) , which serves as a general transcription factor regulating amino acid biosynthesis in yeast (Saccharomyces cerevisiae; Hinnebusch, 1990) . However, the level of FAA is increased in o2 mutants. As a consequence, it seems unlikely that O2 acts through a mechanism similar to GCN4 to increase the levels of FAA. Several studies have shown that certain key enzymes involved in amino acid and carbon metabolism are altered in o2 mutants. The activity of Asp kinase (AK) is up-regulated by o2 (Brennecke et al., 1996) . AK is an important enzyme involved in the synthesis of several amino acids, including Thr, Lys, Met, and Leu (Bryan, 1990) . However, the effect of o2 on AK must be indirect, as there is no evidence that O 2 inhibits expression of the gene. The activity of bifunctional Lys ketoglutarate reductase-saccaropine dehydrogenase, which regulates Lys degradation in maize endosperm, is down-regulated by the o2 mutation as a consequence of reduced levels of mRNA (Kemper et al., 1999) and enzyme (Brochetto-Braga et al., 1992; Yunes et al., 1994) . It is thought that the low level of Lys ketoglutarate reductase-saccaropine dehydrogenase is an important factor responsible for the high level of free Lys in mature endosperm. Damerval and Le Guilloux (1998) found that acetohydroxyacid synthase, the enzyme catalyzing the first common step in the synthesis of branched amino acids derived from pyruvate and Thr, is downregulated by o2, and this could decrease the level of Val and Leu. In addition, several investigators demonstrated that cytosolic pyruvate phosphate dikinase (cyPPDK) is activated by the O2 gene (Gallusci et al., 1996; Maddaloni et al., 1996; Damerval and Le Guilloux, 1998 ). This enzyme is a major regulator of the glycolytic pathway, which could be linked to carbon and amino acid metabolism by converting pyruvate to phosphoenol pyruvate. Thus, o2 could increase FAA levels by influencing a number of enzymatic steps in glycolysis, the tricarboxylic acid cycle, and amino acid synthesis and degradation.
We used a genetic approach to identify loci influencing the pools of FAA in o2 mutants. We characterized the FAA levels in developing and mature Oh545ϩ/o2 and W64Aϩ/o2, two inbreds with significantly different levels of FAA in mature endosperm. The Oh545ϩ/o2 inbreds were found to contain much higher than average levels of FAAs, including Lys, which causes them to deviate from the relationship between eEF1A concentration and Lys content (Moro et al., 1996) . Oh545o2 contains 12 times more FAAs than its wild-type counterpart, and almost all amino acids in Oh545o2, especially those derived from the Asp pathway, are greatly increased compared with other inbreds. To identify loci influencing FAA content in Oh545o2, we crossed it to Oh51Ao2, an inbred with a smaller increase in FAA, and characterized the F 2:3 progeny. Quantitative trait locus (QTL) mapping of loci associated with the high FAA trait identified in four regions on chromosome 2, 3, and 7. Asp kinase 2 (Ask2) and/or AK-homo-Ser dehydrogenase (HSDH) 2 appear to be good candidate genes for the QTL on the long arm of chromosome 2.
RESULTS
To evaluate phenotypic variation in FAA composition of o2 endosperm, we analyzed mature kernels of the near-isogenic normal and o2 maize inbreds, W64Aϩ/o2 and Oh545Aϩ/o2. These materials were grown at different times and locations. Although there was variation in total level of FAA, depending on the season and location in which the plants were grown, the relative concentrations of FAAs and their ratio in wild-type and o2 inbreds were consistent (Table I) . (Asn was not measured in the analysis of mature W64Aϩ/o2 endosperm, but it was determined for 50-d after pollination (DAP) developing endosperm [ Table II] , which is essentially a mature stage.) It is common that o2 mutants have a higher content of FAAs compared with their wild-type counterparts (Sodek and Wilson, 1971; Misra et al., 1975; Moro et al., 1996) , but there is striking variation between these two inbreds. W64Ao2 has nearly 3.5 times more FAA than W64Aϩ and Oh545o2 has nearly 12 times more FAA than Oh545ϩ. In W64A, the o2 mutation results in a general 2-to 3-fold increase in most amino acids, with Lys showing the greatest (nearly 12-fold) increase. W64Ao2 also has a large increase in Glu-derived amino acids: Gln, His, and Arg. The effect of the o2 mutation on FAA composition is very pronounced in Oh545. Compared with W64A, on average there is a 10-fold increase in most FAAs, and there is a dramatic increase (18-24-fold) in amino acids derived from the Asp pathway (Lys, Thr, Met, and iso-Leu). Other amino acids significantly elevated above average are Ser, Leu, Ala, and Val, several of which are derived from glycolytic intermediates.
At least part of the differences in elevated FAAs in the o2 inbreds is related to their genetic background. The level of FAA in mature endosperm of Oh545ϩ is generally three to four times greater than in W64A. When we subtracted the difference (fold increase) between an FAA in the high and low normal inbreds from that of the o2 versions, it was evident that the o2 mutation in Oh545 has a more pronounced effect on amino acids derived from the Asp pathway. Lys content is only 1.6 times greater in Oh545o2 compared with W64Ao2, whereas iso-Leu (21.5 times), Met (14.4 times), and Thr (11.4 times) are much more dramatically increased.
To understand the dynamic changes that contribute to final concentration of FAAs in mature endosperm, we characterized the level and composition of FAAs during W64Aϩ/o2 and Oh545ϩ/o2 kernel development. Ears were harvested at 20, 30, 40, and 50 DAP; kernel samples from the center of well-filled ears were pooled, frozen, and lyophilized; and the amino acids were extracted as with the mature endosperm. The data in Table II show the amino acid composition at each developmental stage, and these results are illustrated graphically in Figure 1 .
To a large extent, the results of this analysis are similar to those obtained with mature endosperm. There is a much higher level of FAAs in developing endosperm of o2 than wild-type inbreds, and there is a significantly higher level of FAA in Oh545ϩ/o2 compared with W64Aϩ/o2 throughout development. endosperm as it matures, there is only a slight reduction in FAA concentration in Oh545o2.
Although there is some fluctuation in the pool size of various amino acids during endosperm development, to a large extent the concentration at maturity reflects that during development (Table II) . Glu, Gln, Asp, Asn, and Ala are present in the highest concentrations throughout most of endosperm development for both normal and o2 genotypes. There is a significant reduction in Gln concentration as the endosperm matures, but with the exception of Pro, which increases in concentration in o2 endosperm (particularly in Oh545o2), there is not a dramatic increase in concentration of any particular amino acid. The higher concentrations of Lys, Thr, Met, and iso-Leu in o2 endosperm as it matures comes as a consequence of the reduction in concentration of the more abundant amino acids, such as Gln.
We investigated the genetic basis for the enhanced level of FAAs in Oh545o2 by crossing it with Oh51Ao2. The FAA content in mature endosperm of Oh545o2 is three times higher than Oh51Ao2, with the amino acids derived from the AK pathway being more highly elevated than most others. The level of FAA in Oh51Ao2 is four times higher than W64Ao2 (Table I) , and with the exceptions of Lys and iso-Leu, the concentration of each amino acid is higher in mature endosperm of Oh51Ao2 compared with W64Ao2 (Table I) . However, with this particular cross we were able to simultaneously analyze segregation for high levels of free Lys and Lys-containing proteins, and investigate the interaction between these two traits (Wang et al., 2001 ).
We used a ninhydrin assay as a rapid method to phenotype the level of FAAs in Oh545o2, Oh51Ao2, and their F 1 and F 2:3 progeny (Fig. 2) . The phenotypic segregation of this trait suggests both recessive and dosage-dependent effects because the relative FAA content in the F 1 is closer to the low-FAA parent (Oh51Ao2); the FAA level in each F 1 is directly re- lated to its ear parent. In the spring and fall of 1996, we obtained 106 and 69 F 2:3 progeny, respectively, and there was continuous phenotypic variation in the endosperm FAA content both seasons. The F 2:3 progeny generally had an FAA level intermediate between the two parents, but most of them have an amino acid level more like the low FAA parent, Oh51Ao2 (Fig. 2, A and B) . Only a few F 2:3 progeny had an FAA level close to the high FAA parent, Oh545o2. Because the F 2:3 population from the spring of 1996 was significantly larger than the fall season, we selected it for QTL mapping.
A linkage map for the Oh545o2 ϫ Oh51Ao2 cross was created with 83 polymorphic simple sequence repeat (SSR) markers (Wang et al., 2001) . To reduce the labor of genotyping this population with informative SSR markers, we analyzed 40 F 2 progeny, including the 20 individuals with the highest and 20 individuals with the lowest FAA content. We conducted interval mapping with a simple regression model to identify a few potential QTLs using the Map Manager QXTb03 program (http://mcbio. med.buffalo.edu/mapmgr.html). Additional SSRs in these regions were then tested and the informative markers were then used to genotype the entire population. All markers flanking potential QTLs were used to genotype the entire F 2:3 population.
Using the genotypic and phenotypic analysis of the F 2:3 progeny, 1,000 permutation tests were performed on individual chromosomes to determine a significant (95%) threshold value of the likelihood ratio statistic (LRS). Four significant QTLs were identified that account for about 46% of the phenotypic variation in FAA content ( Fig. 3 ; Table III ). Each of these QTLs has both additive and recessive genetic effects, consistent with the phenotypic variation observed in the F 1 and F 2:3 progeny. The QTL on the short arm of chromosome 2 has an LRS value of 12.7, which is slightly larger than the threshold value of 12.2 given by permutation tests. It contributes 10% of variance in FAA content. A second QTL on the long arm of chromosome 2 has an LRS value of 14.8, which is much larger than the significant threshold value of 12.2, and it explains 11% of the total phenotypic variance. The third QTL on the short arm of chromosome 3 has the largest effect among the four QTLs. It accounts for about 14% of the variance in FAA level, and has an LRS value of 15.6, which is much higher than the significant threshold value of 11.5 given by the permutation test. The fourth QTL is near the telomere of the long arm of chromosome 7 and has an LRS value of 12.6. This QTL primarily has an additive effect, with a minor recessive effect.
To evaluate the significance of the linkage between the SSRs flanking QTLs and FAA content, a chisquare test was performed using the 20 individuals with extreme high and 20 individuals with extreme low FAA content (Table IV) . The flanking markers, bmc1633 and bmc1329, which define the QTL on the long arm of chromosome 2, show significant linkage with this trait, based on their occurrence in the highand low-FAA individuals. The flanking marker of the QTL on the short arm of chromosome 2, bmc1537, is significantly linked to this QTL, with a chi-square value of 6.4 among the high FAA individuals; there is no linkage among low FAA individuals. There is only one flanking marker tightly linked to the QTL on the long arm of chromosome 7, phi045. It is surprising that based on the chi-square test we did not find significant linkage of the markers flanking the QTL on chromosome 3, which has the greatest phenotypic effect and LRS value. This could result from the five individuals with the highest FAA content having a SSR genotype identical to Oh545o2 (data not shown), whereas the marker genotypes are randomly distributed in other high-FAA individuals. This analysis shows that for all four QTLs, the alleles contributed by Oh545o2 are responsible for the high FAA level.
DISCUSSION
We found significant variability in the FAA content of different maize inbred lines that is accentuated by the o2 mutation. FAAs typically constitute about 1% to 3% of the non-protein nitrogen in wild-type en- 
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Plant Physiol. Vol. 125, 2001 dosperm, and this is increased several-fold in o2 mutants (Sodek and Wilson, 1971; Misra et al., 1975; Moro et al., 1996) . The levels of FAA in W64A and Oh51A are fairly typical in this regard, but Oh545 appears to have a genetic predisposition for overaccumulating FAAs, especially amino acids derived from the Asp pathway and glycolytic intermediates (Tables I and II; Fig. 1 ). Figure 4 illustrates the relative differences in FAA concentration in Oh51Ao2 and Oh545o2. The concentration ratios are somewhat larger when W64Ao2 and Oh545o2 are compared, but the same amino acids, hence biosynthetic pathways, are affected.
The high concentration of FAAs in o2 endosperm is a consequence of both high levels of synthesis/accumulation during development and the apparent inability to incorporate these amino acids, or turn them over (Arruda et al., 2000) , before endosperm desiccation. It is unfortunate that our data do not provide insight regarding the mechanisms responsible for the rapid decline of FAAs in maturing wild-type endosperm, nor why this fails to occur in o2 mutants. The concentration of all amino acids is increased in o2 mutants, but Asp/Asn, Glu/Gln, and Ala are by far the most abundant early in endosperm development. The reduction of these abundant amino acids, especially Gln, is largely responsible for the relative increase in concentration of minor amino acids, especially Lys, Met, and Thr, as the endosperm matures. We found significant variation in the relative concentration of FAAs in the endosperm of the wild-type and o2 inbreds when they were grown at different times and locations. However, the amount of each amino acid (percent of total) was consistently affected for each genotype, regardless of the growing conditions (Table I ; data not shown).
Although the results of our study do not address the source of the high level of FAAs in Oh545o2 endosperm, several types of evidence, including what is known about the molecular action of O2 (Schmidt, 1993) , suggest that alterations in amino acid biosynthesis are responsible. In theory, the high level of FAA in Oh545o2 could result from higher rates of transport into the endosperm, reduced rates of incorporation into proteins, higher rates of synthesis, and lower rates of turnover, or a combination of these. However, we would not expect the differences in FAA content to result from variation in amino acid transport (Arruda and Silva, 1979; Bush, 1999) . The amino acid composition of the vascular sap from the ear peduncle is distinct from that of the endosperm (Arruda and Silva, 1979) . Furthermore, the endosperm has been shown to contain many of the enzymes necessary to synthesize its own amino acids (Sodek and Wilson, 1970; Sodek, 1976; Gengenbach et al., 1978) . For example, Pro is not present in vascular sap (Arruda and Silva, 1979) , but it is abundant in the endosperm (Table II ; Fig. 1 ).
There could be an association between high levels of FAAs and reduced amounts of storage protein synthesis, but our data are incomplete in this regard. The Oh545ϩ/o2 inbreds have a lower protein content than W64Aϩ/o2 and Oh51Aϩ/o2, i.e. 8% and 7% compared with 11% and 9% and 12% and 10%, respectively (Moro et al., 1996) . The progeny of the Oh545o2 ϫ Oh51Ao2 cross are all o2 mutants with a reduced capacity for storage protein synthesis. A partial analysis of the F 2:3 progeny revealed protein concentrations ranging from 8.5% to 11.7%, with common values of 9%. This would not be considered a particularly low protein concentration. We are developing recombinant inbred lines from these materials, and they will be characterized with regard to protein and FAA content. It is noteworthy that the level of eEF1A, which provides an index of the protein-bound Lys (Moro et al., 1996) , segregated The color scale shows the relative increase (blue, Ͼ10-fold; green, 6-10-fold; yellow, 3-6-fold; orange, 1-3-fold; red, Ͻ1-fold) in FAA concentration in mature endosperm of Oh545o2 compared with Oh51Ao2. AHAS, Acetohydroxyacid synthase; DAHP, 7-phospho-2-keto-3-deoxy-D-arabino-heptonate; DHDPS, dihydrodipicolinate synthase; FPK, Fru phosphate kinase; LKR, Lys ketoglutarate reductase; PK, pyruvate kinase; PPDK, pyruvate phosphate dikinase; SDH, sacchropine dehydrogenase; TPI, triose phosphate isomerase. independently from the high FAA phenotype among the F 2:3 individuals (Wang et al., 2001 ). Thus, a high level of free Lys did not correlate with the level of Lys-containing proteins in this population. The four QTLs we identified account for approximately 46% of the variability for FAA content in the progeny of the Oh545o2 ϫ Oh51Ao2 cross. Although this represents only a small proportion of the variability, this outcome is not uncommon for QTL mapping studies, which frequently only can explain about 50% of the variability (Kearsey and Farquhar, 1998). As previously described (Wang et al., 2001) , we encountered difficulties developing the Oh545o2 ϫ Oh51Ao2 mapping population, which was half the intended size. We also recognize there are limitations in our mapping data as a consequence of environmental effects. We hope to address the deficiencies of the sample size through a genetic analysis of the recombinant inbred lines that are being developed from the F 2:3 individuals.
The QTLs on the short arm of chromosome 2 and the long arm of chromosome 7 have LRS values of 12.8 and 12.6, respectively, which slightly exceed the significant threshold value of 12.1 provided by the permutation tests (Fig. 3) . The flanking markers showed significant linkage with the high FAA trait, and additional genotyping with the recombinant inbred progeny lines will help resolve the validity of these QTLs.
The QTL on the short arm of chromosome 3 has the largest phenotypic effect and LRS value, but the chisquare test with the 40 individuals showing the extreme FAA phenotypes failed to show linkage of the flanking markers. Nevertheless, the five individuals with the highest FAA content contain the Oh545o2 allele of the SSR markers flanking this QTL: bmc2136, bmc1904, and bmc1452. As a consequence, it is premature to dismiss this QTL on the basis of a random combination of marker genotypes and FAA phenotypes. It should also be possible to address this question by analyzing the recombinant inbred lines.
O2 encodes a transcription factor that regulates zein gene expression (Hartings et al., 1989; Kodrzycki et al., 1989; Schmidt et al., 1990) , but it also has several activities related to carbon and amino acid metabolism. An alteration of one or more of the enzymes involved in amino acid synthesis/degradation or glycolysis could significantly change the steady-state level of FAAs. Alterations in enzymes affecting amino acid metabolism have been shown to have pleiotropic affects on FAA levels in plant tissues. For example, the levels of Thr, Met, and other amino acids are increased in AK mutants that are less sensitive to Lys feedback inhibition (Hibberd and Green, 1982; Diedrick et al., 1990; Dotson et al., 1990) . A feedback-insensitive AK mutant in tobacco, LT 70, not only has a higher level of amino acids derived from the Asp pathway, but other pathways as well (Frankard et al., 1991 (Frankard et al., , 1992 . Alteration of Trp and Tyr levels in transgenic tobacco leaves affected the level of Trp, as well as the nonaromatic amino acids Met, Val, and Leu (Guillet et al., 2000) .
The large amount of Ala and Ser in Oh545o2 could be caused by an increased level of pyruvate and 3-phosphohydroxypyruvate (Huppe and Turpin, 1994; Plaxton 1996; Bourguignon and Rebeille, 1999) , which are intermediates or end products of gylcolysis. It was shown that a cyPPDK is down-regulated by the o2 mutation (Gallusci et al., 1996; Maddaloni et al., 1996; Damerval and Le Guilloux, 1998) . This enzyme, which catalyzes the conversion of pyruvate to phosphoenol pyruvate, is a key regulator of the glycolytic pathway and is linked to carbon and amino acid metabolism. Thus, the o2 mutation may lead to an increased level of pyruvate by down-regulating cyPPDK, resulting in higher levels of Ala.
Mitchell-Olds and Pedersen (1998) suggested that both regulatory and structural genes influence the glycolytic pathway. Because regulators of glycolysis have not been mapped in maize, it is of interest to compare the activity of several key enzymes in this pathway. Preliminary results show that pyruvate kinase activity is higher in Oh545o2 than W64Ao2 endosperm at 15 and 25 DAP (data not shown). However, a systematic characterization of such enzymes will be necessary before any inferences are warranted. We determined that a locus encoding cytosolic triose phosphate isomerase 4, which encodes a catalytic step of glycolysis (Wendel et al., 1989) , is located near the QTL on the short arm of chromosome 3. However, there is no evidence that this enzyme influences the flux rate of glycolysis.
Several amino acids of the Asp pathway are significantly increased in Oh545o2 (Tables I and II; Fig. 4) , and it was interesting to note that monofunctional Ask2 and the bifunctional AK-HSDH2 both map to the same region as the QTL on the long arm of chromosome 2 (Galili, 1995; Azevedo et al., 1997) . The maize monofuctional Ask2 presumably encodes a Lys-sensitive AK, and one mutant, ask2, overproduces Thr, Lys, and Met (Hibberd and Green, 1982; Dotson et al., 1990; Muehlbauer et al., 1994a) , similar to the phenotype of Oh545o2. AK-HSDH, which is Thr sensitive, is encoded by three genes (Azevedo et al., 1992; Muehlbauer et al., 1994b) . One of them was mapped to the long arm of chromosome 2, and one was mapped to the short arm of chromosome 4 using maize cDNA clones; however, the location of the third is unknown (Muehlbauer et al., 1994b) . Ask2 and AK-HSDH2 are both located a few centimorgans apart on the long arm of chromosome 2. The ask1 mutant, which also encodes a Lys-insensitive AK, results in high levels of Lys, Thr, and Met, and a double mutant of o2 and ask1 has higher AK activity and a higher level of FAA than the single mutants (Azevedo et al., 1990; Brennecke et al., 1996) . Thus, if the AK in Oh545o2 has a higher total activity and/or is less sensitive to Lys or Thr feedback inhibition, it could explain why the ratio of FAA is so much larger in Oh545o2/W64Ao2 compared with Oh545ϩ/W64Aϩ. Whether the monofunctional Ask2 and/or bifunctional AK-HSDH2 are the candidate genes on the long arm of chromosome 2 will be addressed by investigating total activity and feedback inhibition properties of these enzymes.
MATERIALS AND METHODS

Plant Materials
We obtained seed samples of the maize (Zea mays) inbreds W64Aϩ/o2, Oh545ϩ/o2, and Oh51Ao2 from Crows Hybrid Corn Company (Milford, IL). One set of FAA data was obtained using flour from these samples. W64Aϩ/o2, Oh545ϩ/o2, and Oh51Ao2 were also grown at the University of Arizona West Campus Agricultural Center or in the greenhouse. Oh545o2 (high FAA) and Oh51Ao2 (low FAA) and their F 1 and F 2:3 progeny were planted in the spring and fall seasons of 1996 in 6-m rows, 75 cm apart, with 15 plants per row. The plants were self-pollinated or crossed, as appropriate, and well-filled ears were collected and air dried. For FAA analysis of developing endosperm, single plants were grown in pots in the greenhouse between November, 1996, and January, 1997. Developing kernels from well-filled ears were collected at 20, 30, 40, and 50 DAP. The endosperm and embryo were separated by dissection, frozen with liquid nitrogen, and stored at Ϫ80°C.
Preparation of Samples from Mature and Developing Endosperm for FAA Analysis
Twenty kernels were collected from well-filled, mature parental lines, F 1 and F 2:3 ears. The kernels were degermed with a variable-speed dental-type drill (model 750, Dremel, Racine, WI), and the endosperms were combined and pulverized to a fine flour with a Wig-l-Bug amalgamator (Crescent Dental Manufacturing Co., Chicago). A modification of the ninhydrin assay described by Mertz et al. (1974) was used to estimate the relative content of FAA. Twenty milligrams of endosperm flour was defatted by adding 1 mL of petroleum ether and incubating the samples for 1 h on a rocking platform. The samples were then centrifuged at 16,000g for 10 min. The ether was decanted and a second 1 mL of petroleum ether was added to the flour. The samples were briefly vortexed, centrifuged, and then the ether was removed. The flour was resuspended in 1 mL of water and placed on a rocking platform for 20 min at 25°C. Particulate matter was pelleted by centrifugation and 600 L of the supernatant was transferred to a fresh 1.5-mL microfuge tube and stored at 4°C as a working sample. One hundred microliters of the working sample was added to a 1.5-mL microfuge tube containing 250 L of ninhydrin reagent (Sigma, St. Louis), and the tube was placed in a boiling water bath for 20 min. An aliquot of 200 L was removed, added to an ELISA plate, and three 2-fold serial dilutions were made into adjacent wells containing water. Absorbance was read at 590 nm with an ELISA plate reader (RR 700, Dynatech Laboratories Inc., Chantilly, VA).
Two samples from two independent extractions were used to measure amino acid content; a regression was used to calculate the absorbance of the original sample. The slope of the relationship between A 590 (absorbance at 590 nm) and flour weight for Oh51Ao2 was used to calculate the relative FAA content in endosperm samples.
For qualitative analysis, the extracted amino acids were filtered through a C 18 reverse phase mini-cartridge (Vydac, Hesperia, CA) to remove soluble proteins. An aliquot of 500 L of the filtrate was dried in a speed vacuum drier (Southwest Instruments Biomedical Instrumentation, Tucson, AZ). The pellet was resuspended in 50 L of sterile double-distilled water for amino acid analysis.
A similar procedure was used to analyze FAA in developing endosperms. Two or three well-filled ears were collected at different developmental stages, and 10 to 20 fresh kernels were degermed and the embryos and endosperms pooled. These tissues were lyophilized and stored at Ϫ80°C until analyzed. Flour was prepared as described above, and amino acids were extracted from 20-mg samples. In this case, the flour was resuspended in 1 mL of sterile water containing 0.1 mm phenylmethylsulfonyl fluoride. After extraction at 4°C for 20 min, the soluble extract was filtered through a C 18 reverse phase minicartidge (Vydac) to remove soluble proteins. Five hundred micoliters of supernatant was lyophilized with a speed vacuum drier (Southwest Instruments Biomedical Instrumentation). The pellet was dissolved in 50 L of sterile, double-distilled water for amino acid analysis. Assays were made of triplicate samples and ses were calculated (data not shown).
Amino Acid Analysis
Amino acid analysis was performed by the Laboratory for Protein Sequencing and Analysis at the University of Arizona using a post column Amino Acid Analyzer (model 7300, Beckman Instruments, Palo Alto, CA; ninhydrin method). Amino acids were separated by ion-exchange chromatography, using citrate buffer of increasing ionic strength and pH, at varying temperatures. Amino acids were detected with ninhydrin; the reaction was monitored with a colorimeter at 570 nm for primary amino acids and 440 nm for secondary amino acids.
Interval Mapping of QTLs Influencing Amino Acid Content
SSR DNA marker selection, conditions for PCR, linkage map creation, and interval mapping were described by Wang et al. (2001) . Twenty F 2 individuals with extreme high and 20 F 2 individuals with extreme low levels of FAAs were genotyped with 83 SSR markers that are polymorphic between Oh51Ao2 and Oh545o2 (Wang et al., 2001 ). The first round of interval mapping (Lander and Botstein, 1989) was performed with these selected individuals, and regions with an LRS (Haley and Knott, 1992; Kearsey and Farquhar, 1998 ) of more than 10 were considered potential QTLs. Additional SSRs near these loci subsequently were tested for polymorphism, and the entire population was genotyped with flanking markers. Interval mapping was conducted with a free regression model and permutation tests (1,000 shuffles) on individual chromosomes were done to establish the significant threshold value of LRS (Churchill and Doerge, 1994; Doerge and Churchill, 1996) .
Statistical Analyses
Variance and linear regression analysis were performed with the statistical package in Excel (Microsoft, Redwood, CA). Regressions were always significant (F test, P Ͻ 0.01) and had an r 2 value greater than 0.9. The correlation was compared using a standard t test. Map Manager QTXb03 was used to detect QTLs (http://mcbio.med.buffalo.edu/ mapmgr.html). The LRS threshold values for significant QTLs (95%) were based on 1,000 permutation tests with a 1-cM step for an individual chromosome.
